Conventional water treatment processes (e.g., coagulation, flocculation, sedimentation, and filtration) are widely used for producing drinking water from surface water sources. Transient, gradual, or abrupt changes in source water quality that could compromise treatment effectiveness can be triggered by climate and related meteorological events, accidental or intentional contamination, security breaches, or other disruptions. However, the design principles that underpin the majority of existing conventional treatment systems predate climate adaptation considerations. This paper considers the adaptation capacity of conventional water treatment systems. A modeling framework is used to illustrate climate adaptation mechanisms that could enable conventional treatment systems to accommodate water quality impairments. Treatment system resiliency is explored in response to generic climate-relevant water quality perturbations such as extreme temperature variations and changes in the quantity and characteristics of solids, particles, and organic constituents. Promising adaptation options include modifying chemical parameters (e.g., types of chemicals, dosages, sequence of chemical addition, mixing intensity and duration), filter operations, and microbiological augmentation of existing physical/chemical treatment systems. The capacity reserve concept provides an organizing principle that could be useful for prioritizing climate adaptation strategies such as major or minor treatment/infrastructure modifications, system-wide upgrades such as off-line storage, operational changes in distribution systems, or the use of supplemental water sources including reclaimed or recycled water.
A changing climate is one of many drivers that affect the quality and availability of freshwater resources and can amplify, multiply, or temper threats imposed by concurrent other environmental stressors (National Research Council| (NRC) ; Intergovernmental Panel on Climate Change (IPCC) ). The capacity of conventional water treatment systems to respond or adapt to water quality perturbations depends on the inherent capacity of the treatment train to accommodate water quality changes that correspond to the intensity, frequency, and duration of each event in conjunction with watershed characteristics. From an adaptation perspective, it is important to understand the scope and magnitude of water quality changes that might affect the performance of drinking water treatment facilities.
Quantification of performance impacts yields a basis to evaluate and, if necessary, increase the treatment capacity reserve in preparing for factors not originally considered in engineering. This paper explores the use of a generic model to assess the capacity of conventional water treatment processes (e.g., coagulation, sedimentation, and filtration) to adapt to climate-induced water quality changes.
The types of location-specific data that are relevant for climate adaptation planning are illustrated using an example surface water treatment system.
CURRENT STATUS OF CONVENTIONAL WATER TREATMENT SYSTEMS
Traditionally, design of water treatment facilities has been predicated on the underlying assumption that ample source water is available to meet all water use requirements (domestic, municipal, commercial, industrial, and agricultural) 
MODELING OF CONVENTIONAL DRINKING WATER TREATMENT FACILITIES

Modeling of climate-relevant water quality changes in an example watershed
To illustrate the concept of climate adaptation capacity, the Appalachian Plateau in the northeastern USA is used as an example watershed. A simplistic example of projected water quality changes in source water, shown in Table 2 , provides a context for this analysis. In general, temperature, alkalinity, total organic carbon (TOC), and nutrient loading are expected to increase, while the hardness is expected to decrease (Li et al. , ) .
Modeling inputs
Data from a surface water treatment facility that is within this watershed, Greater Cincinnati Water Works Richard Miller Treatment Plant (GCWW) (http://www.cincinnati-oh.gov/ water/about-greater-cincinnati-water-works/water-treatment/), were used to evaluate the efficacy of climate adaptation 
RESULTS
A summary of the range of alkalinity, hardness, TDS, turbidity, TOC, and pH for the Ohio River water source over a 5-year period is shown in Figure 1 . The impacts of each of the five water quality perturbations modeled using the GCWW as an example system are summarized in Table 4 along with adaptation options. While this example is somewhat general, it provides a systematic approach to identify potential adaptation options and their range of effectiveness. For the GCWW water plant, the Modeling results can be used to streamline supplemental laboratory and pilot-testing of adaptation options.
While some general trends were observed through the modeled simulations, the results are limited by the lack of comprehensive chemical reaction information on the spectrum of chemicals that can be used for coagulationflocculation and filtration aids. In addition, while the model provides a conservative estimate of the performance of sedimentation and filtration, it lacks the ability to finetune each treatment unit or the treatment system as a longer-term disruptions that require adaptation capacity to avoid compromising the capacity to deliver safe drinking water.
Capacity reserve
The success of climate adaptation strategies can be considered in terms of the capacity reserve, which can be estimated as the difference between the water plant design capacity and the minimum treatment capacity required to meet the water quality and quantity requirements (Tillman et al. , ; Dominguez & Gujer ) . An appropriate degree of treatment capacity reserve is a common practice in managing unexpected risk. An illustration of the capacity reserve concept applied to infrastructure resilience is shown in Figure 3 in relationship to water system stressors that vary in intensity, duration, and severity.
Scenario I reflects an acute and temporary event such as a sewer overflow or chemical spill (Whelton et al. ) where there may be a lapse in the capacity to provide safe drinking water. Scenario II represents a lack of resilience to extreme weather events and their aftermaths, such as hur- 
CONCLUSIONS
Conventional water treatment processes (e.g., coagulation, sedimentation, and filtration) have a long history in producing drinking water from surface water supplies. As water quality changes in response to a changing climate, the adaptation capacity of the existing infrastructure should be considered. Case-specific analysis and process simulation may provide insightful information to develop engineering options for climate adaptation that incorporate watershedspecific conditions. Even though many models are based on steady-state assumptions and lack a direct way to accommodate water quality fluctuations, basic insights can be gained into capacity reserve. Harmonizing of monitoring data with modeling parameters is important for calibrating and validating models. Further insights can be gained through integrating upstream conditions. In addition, more robust data and models are needed to investigate the spectrum of chemical and microbiological reactions that are associated with the complete inventory of chemical amendments that can be used in water treatment practice.
Integration of biological treatment models is also an important component of evaluating climate adaptation options and capacity reserve.
